The sequence of the fibronectin-binding domain of the fibronectin-binding protein of Streptococcus pyogenes (Sfb protein) was determined, and its role in streptococcal adherence was investigated by use of an Sfb fusion protein in adherence studies. A 1-kb DNA fragment coding for the binding domain of Sfb protein was cloned into the expression vector pEX31 to produce an Sfb fusion protein consisting of the N-terminal part of MS2 polymerase and a C-terminal fragment of the streptococcal protein. Induction of the vector promoter resulted in hyperexpression of fibronectin-binding fusion protein in the cytoplasm of the recombinant Escherichia coli cells. Sequence determination of the cloned 1-kb fragment revealed an in-frame reading frame for a 268-amino-acid peptide composed of a 37-amino-acid sequence which is completely repeated three times and incompletely repeated a fourth time. Cloning of one repeat into pEX31 resulted in expression of small fusion peptides that show fibronectin-binding activity, indicating that one repeat contains at least one binding domain. 
Streptococcus pyogenes is a common cause of pyogenic infections, some of which may result in serious sequelae, such as rheumatic fever and acute glomerulonephritis (18) . Adherence to, colonization of, and invasion of mucosal surfaces are prerequisites of streptococcal infections (1) . Fibronectin, a glycoprotein present in soluble form in plasma and various body fluids (33, 35) and in insoluble form in the extracellular matrix and basement membrane (23) , has the ability to bind to both streptococci and host cells (9, 11, 44) and is considered an important mediator of streptococcal adherence (2) . The nature of the cognate streptococcal component involved in fibronectin binding has been a controversial topic for some time, and both lipoteichoic acid and streptococcal surface proteins have been proposed as fibronectin receptors (4, 9, 12, 40) . In our previous study, however, we presented biochemical and genetic evidence showing that protein components of S. pyogenes act as the principal fibronectin receptors (42) . This evidence was based on the results of cloning and expression in Escherichia coli of streptococcal fibronectin-binding (Sfb) proteins from two clinical isolates and one defined strain of S. pyogenes. The fibronectin-binding domain was thereby localized to a 40-kDa peptide encoded by the 1,000-bp C-terminal region of the gene.
In the present study, we sequenced this gene fragment and showed that the fibronectin-binding domain of the Sfb pro-* Corresponding author.
tein possesses no similarity to other S. pyogenes surface ligand-binding proteins and thus may represent a novel type of surface protein. We also present evidence supporting a direct involvement of Sfb protein in the adherence of streptococci to epithelial cells.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. E. coli K-12 strains HB101 (F-hsd2O recA13 ara-14proA2 lacYl galK2 rpsL20 Smr xyl-S mtb-1 supE44) and 537 (28, 34, 41) were used. E. coli 537 was obtained from H. Schaller and harbors plasmid pcI857, encoding kanamycin resistance and the temperaturesensitive cI repressor of bacteriophage lambda. The construction of the Sfb protein-expressing plasmid pST11 has been described previously (42) . The E. coli expression vector pEX31 was constructed by Strebel et al. (41) . Streptococcal strain DSM2071 (M serotype 23) was obtained from the German Culture Collection (Braunschweig, Germany); S. pyogenes strains A45 and A75 were clinical isolates obtained from patients with acute tonsilitis. Streptococci were grown in Todd-Hewitt broth (Oxoid, Basingstoke, England); E. coli strains were grown in LB broth.
Standard techniques. Isolation of human fibronectin from blood was performed by affinity chromatography with gelatin-agarose and heparin-agarose (30) . Purified fibronectin was radiolabeled with 125I by the method of Hunter and Greenwood (25) . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (27) Subcloning of the PCR fragment. To determine the size and quantity of the PCR product, 5% of the reaction mixture was loaded on a 1.7% agarose gel, electrophoresed, and stained. To purify the PCR fragment, the remainder of the reaction mixture was separated on a preparative agarose gel, and the 145-bp fragment was recovered from the agarose with Quiaex (Diagen). After purification, the DNA was cut with BamHI to create cohesive ends, ligated to BamHI-digested pEX31A vector DNA, and transformed into E. coli 537. The resulting transformants were incubated for 5 h at 42°C for heat induction and tested for expression of fibronectinbinding activity by colony blotting.
Binding experiments. Cells of streptococcal cultures were harvested by centrifugation, washed twice with PBS, and suspended in PBS containing 0.1% Tween 20 to give 10% transmission at 600 nm (8, 10) . Then 200 ,ul of the cell suspension was added to 10 ng of 125I-labeled fibronectin (specific activity, 2.91 mCi/mg) which had been incubated for 5 min with either 20-,ul quantities of increasing concentrations (0.05 to 2.5 mg of total protein per ml) of lysate from E. coli overexpressing Sfb fusion protein or 50-,ul quantities (2.5 to 100 ,ug/ml) of purified fusion protein. The suspension, containing streptococci, labeled fibronectin, and lysate or purified fusion protein, was incubated for another 40 min at room temperature. Nonbound fibronectin was separated by centrifugation, and the amount of cell-bound fibronectin was determined in a gamma counter. In parallel, 25 ,ug of nonlabeled fibronectin and 50 ,ug (total protein) of lysate from bacteria harboring pSTX2 without the insert were used as positive and negative controls, respectively. The fibronectin binding of S. pyogenes was also studied in the presence of purified lipoteichoic acid (LTA) (at 1 ,uM phos-phorus per assay; kindly provided by Werner Fischer, Universitat Erlangen, Erlangen, Germany).
Cell culture and adherence experiments. A human epithelial cell line (HEp2; ATCC strain CCL 23) was used to study the effects of the Sfb fusion protein on fibronectin-mediated adherence of streptococci to epithelial cells. Preliminary studies in our laboratory had shown that S. pyogenes adhered to these cells mainly through a fibronectin-mediated mechanism. Epithelial cells were grown in Dulbecco's modified Eagle's medium (DME; GIBCO) containing 10% fetal calf serum (GIBCO), 5 mM glutamine (Flow Laboratories Inc., McLean, Va.), 1 mM pyruvate (Flow), 100 IU of penicillin per ml, and 100 ,ug of streptomycin (Flow) per ml at 37°C in an atmosphere containing 8% CO2. For adherence assays, cells were harvested by trypsinization and seeded on 96-well microtiter plates (Nunc, Roskilde, Denmark) at a concentration of approximately 105 cells per well. The cells were grown to confluency for 18 to 20 h and then used for adherence experiments.
A previously described fluorometric microassay (45) was used to directly determine streptococcal adherence to epithelial cells in the microtiter plates. Briefly, 100-,ul samples of fluorescein isothiocyanate-labeled streptococci containing 2.5 x 107 bacteria in HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-buffered DME were added to each well. After 45 min at 37°C, nonadherent streptococci were removed by three washings with HEPES-buffered DME, and adherent bacteria were quantitated by fluoroscanning (Fluorescan II Titertek; Flow). Controls contained buffer without streptococci. Each test was done in quadruplicate, and results are expressed as means + standard deviations.
Inhibition experiments were done with crude particle-free supernatants of the French press extracts from E. coli cultures harboring either Sfb fusion protein-expressing plasmid pSTX2 or a plasmid without an insert (control) at concentrations of 1 to 50 ,ug of total protein per assay. Adherence was also studied in the presence of FPLCpurified Sfb fusion protein (0.125 to 5 ,ug per assay) and of purified streptococcal LTA at concentrations similar to those used in the binding assays.
Nucleotide sequence accession number. The EMBL accession number is X67947.
RESULTS
Construction of plasmids which express Sfb fusion proteins. In a previous study, the position and transcriptional direction of the gene coding for the Sfb protein of S. pyogenes DSM 2071 were determined, and deletion derivatives were constructed that revealed that the binding domain is encoded by a 1-kb BamHI-HindIII fragment and is located within the C-terminal part of the protein (42) . In this study, the BamHIXbaI fragment of plasmid pST11, comprising the relevant BamHI-HindIII fragment and an additional 300 bp of streptococcal DNA, was cloned into pEX31A, -B, and -C in an oriented fashion downstream of the inducible lambda promoterpL so that the C-terminal binding domain of the Sfb protein was fused to the N-terminal part of MS2 polymerase in one of the three possible reading frames represented in the three vectors (Fig. 1) . After showed that the sizes of the fusion proteins expressed by pSTX1 and pSTX2 are identical (data not shown).
Sequence determination of the coding region of the fibronectin-binding domain of Sfb. Both strands of the insert in pSTX2 were sequenced by the dideoxy chain termination method in combination with synthetic oligonucleotide primers homologous to vector DNA regions 30 nucleotides upand downstream of the inserted streptococcal DNA. Further oligonucleotide primers for sequencing within the streptococcal DNA region were designed on the basis of sequence information thereby obtained.
Since the construct represents an active in-frame fusion with MS2 polymerase, the translational reading frame of the sequenced region (Fig. 2) was inferred from that of the polymerase. The sequence exhibits an open reading frame comprising 804 nucleotides that codes for a polypeptide of 268 amino acids and that terminates with a TAA stop codon at nucleotide 805. One hundred twenty-six nucleotides downstream of the stop codon is located a region with the potential to form a hairpin structure characteristic of transcriptional terminators. One characteristic feature of the sequence is the existence of a region that starts at nucleotide 154 and is composed of four nearly identical repeat sequences, designated Rl through R4. Downstream of the region of repeats follows a stretch of 40 amino acids exhibiting no special structural features, which might constitute the cell wall-spanning region of the protein. This stretch is followed by an LPATG consensus sequence. This sequence has been found in all surface proteins of grampositive cocci characterized so far and is thought to be a signal sequence for anchorage in the membrane (17) . The LPATG sequence is followed by a hydrophobic region of 20 amino acids (Fig. 3) , which probably forms the transmembrane segment of the protein, and a stretch of six mainly basic amino acids at the C terminus, which is thought to be located on the cytoplasm side of the membrane (Fig. 2 and 3) .
Analysis of the repeats. Rl through R3 consist of 37 amino acids each, whereas R4 contains only 32 amino acids. The repeats are highly conserved with respect to their amino acid and nucleotide sequences; the only differences in the amino acid sequences are found in repeat R2 at positions 35 and 36, and the only differences in the nucleic acid sequences are some two or three variations per repeat in the codon wobble positions. Figure 3 gives detailed information on the distribution of hydrophilic and hydrophobic regions within the repeats. Each repeat exhibits two internal domains in which charged amino acids are concentrated; these domains are formed by three or four negatively charged and one positively charged amino acid. The alternation of charged and uncharged domains results in a continuous periodicity within one repeat that is maintained over the whole repeated region.
The functionally related fibronectin-binding protein (FnBP) of Staphylococcus aureus (38) shows similar features in its binding region, which also consists of three complete 38-amino-acid repeat sequences and one incomplete repeat exhibiting alternating charged and uncharged domains. Recent studies showed that synthetic peptides representing the single repeat of the S. aureus FnBP bound fibronectin and that interaction of the peptides with fibronectin was due to the presence of the charged amino acids of the repeat structure (29) . An the repeats of the fibronectin-binding proteins of S. pyogenes and S. aureus is shown in Fig. 4 . The whole region exhibits about 50% homology, and a higher degree of homology exists between the charged domains (60 to 70%). The distance between the charged domains is also the same in the two proteins. The Amino acids are given in the one-letter code, and the stop codon is marked by an asterisk (*). The four repeated regions were designated Rl to R4, and the first amino acid (valine) from each repeat is marked with an arrow. The LPATG consensus sequence is boxed, and the potential transcription termination signal is underlined.
an M or M-like protein or is related to one, we compared its C-terminal region with that of different M-like proteins (Fig.  5) . The C-terminal region of M proteins is highly conserved, with homologies between different M proteins ranging from 70 to 100% (16) in inhibition of fibronectin binding, which corresponds to the degree of purification (Table 1, Fig. 7 ). In control experiments, lysates from bacteria containing a plasmid without an insert and LTA purified from S. pyogenes showed no significant inhibition of fibronectin binding ( (38) . The LP-TG region is boxed. (38) , on the other hand, revealed similarities in the binding region, which consists of four repeats. In both cases, the repeats are composed of 38 and 37 amino acids, respectively, and show a particularly high degree of conservation in the charged domains. The behavior of fibronectin-binding fusion peptides, which consist of MS2 polymerase and one single repeat of Sfb protein, clearly shows that the binding domain is located within the 37-amino-acid repeat. Since charged domains within the repeats of FnBP have been shown to represent the binding sites for fibronectin (29) , the charged domains within the repeats of Sfb protein are also very likely to be responsible for this function. The characteristic distribution of charged domains, particularly the alternation of charged and uncharged domains which results in a continu- 
